Highlights d Failure of stem cell abscission is an early, age-induced defect in the testis d Jak/STAT signaling controls the block and reinitiation of abscission in stem cells d Compromising STAT activity precociously ages stem cells, inducing abscission failure d Abscission failure in stem cells disrupts tissue homeostasis SUMMARY Tissue renewal becomes compromised with age. Although defects in niche and stem cell behavior have been implicated in promoting age-related decline, the causes of early-onset aging defects are unknown. We have identified an early consequence of aging in germline stem cells (GSCs) in the Drosophila testis. Aging disrupts the unique program of GSC cytokinesis, with GSCs failing to abscise from their daughter cells. Abscission failure significantly disrupts both self-renewal and the generation of differentiating germ cells. Extensive live imaging and genetic analyses show that abscission failure is due to inappropriate retention of F-actin at the intercellular bridges between GSC-daughter cells. Furthermore, F-actin is regulated by the Jak/STAT pathway-increasing or decreasing pathway activity can rescue or exacerbate the age-induced abscission defect, respectively. Even subtle decreases to STAT activity are sufficient to precociously age young GSCs and induce abscission failure. Thus, this work has identified the earliest age-related defect in GSCs and has revealed a unique role for an established niche signaling pathway in controlling stem cell cytokinesis and in regulating stem cell behavior with age.
In Brief Lenhart et al. find that misregulation of modified stem cell cytokinesis is the earliest age-induced defect in the fly testis. Through extended live imaging, they show that Jak/STAT signaling from the niche controls stem cell abscission and that decreasing activity of this pathway is sufficient to precociously age young stem cells.
INTRODUCTION
Stem cell function declines with age. This attrition results from a number of factors, including changes in cell cycle progression and renewal capacity. Some of these changes are intrinsic to stem cells [1, 2] , but extrinsic elements also play a significant role in the age-related decline of stem cell function. Parabiosis studies show that systemic factors from young mice are sufficient to restore function to muscle and neural stem cells [3] . Additionally, increased expression of signaling inhibitors from tissues adjacent to stem cells disrupts hair growth with age [4] . Even the structural integrity of the niche declines over time and contributes to altered stem cell behavior [4] [5] [6] .
The Drosophila testis is an ideal system for studying the effects of aging on stem cell and niche function. The niche is located at the tip of the testis (reviewed in [7] ) and houses two types of stem cells: somatic cyst stem cells (CySCs) and germline stem cells (GSCs) ( Figure 1A ). Both stem cell populations are anchored to a group of somatic hub cells. In addition to maintaining niche structure, the hub cells produce self-renewal signals that maintain the CySCs [8, 9] . The CySCs, in turn, act as part of the niche in that both hub cells and CySCs are required for GSC maintenance [8] [9] [10] [11] . The GSCs divide perpendicular to the hub, with one daughter retained within the niche as a stem cell and the other displaced to differentiate [1, 12] . This released gonialblast daughter will undergo four rounds of divisions, each marked by incomplete cytokinesis, to create a 16-cell spermatogonial cyst. After meiosis, gonia will differentiate into sperm.
Many defects associated with aging stem cells in other systems have been identified in the fly testis. GSC proliferation declines with age, partly due to decreases in cdc25 [1] . In addition, by 50%-75% of lifespan (30 days of a 40-to 60-day average), there is a decline in niche integrity and signaling, which continues so that, near the end of lifespan, niche and stem cell number are severely reduced, with tissue function extensively compromised [6, 13, 14] .
Interestingly, decreased germ cell production is already evident at 20 days ($30% of lifespan). Because involution appears earlier than the decline in niche function or stem cell number, other aspects of niche and/or GSC behavior must contribute to early-onset, age-related decline. One early defect is in the checkpoint that ensures anchoring of one centrosome at the GSC-hub interface and thus oriented division of the GSC [15] . Although mis-positioning is rare in young GSCs, it occurs in up to 20% of GSCs by 10 days, engaging the checkpoint and causing mitotic arrest. However, once centrosome orientation is corrected, the checkpoint is relieved and GSCs rapidly resume division [15] . Thus, this checkpoint alone is unlikely to account for the significant degree of testis involution evident at young ages.
We recently identified a novel program that controls stem cell behavior and regulates release of daughter cells from the niche. The program comprises three sequential steps for daughter cell abscission and initiates at the end of cytokinesis after furrow ingression when a specialized F-actin ring is assembled, blocking further progress in cell separation [16] ( Figure 1C ; phase one). The second step involves release of this block by (G) Failed abscission in young (n = 0/127 GSC divisions in 22 testes), 7 days (n = 10/137 GSC divisions in 13 testes), 11 days (n = 17/147 GSC divisions in 13 testes), 15 days (n = 27/77 GSC divisions in 12 testes), and 21 days (n = 32/118 GSC divisions in 16 testes). p < 10 À4 for all compared with young; the difference comparing 15 days and 21 days is not significant (p = 0.47). In all images, asterisks, hub; scale bar, 5 mm. See also Figure S1 . dissolution of the ring; only then do the dividing cells begin the lengthy process of abscission ( Figure 1D ; entry to phase two). Finally, complete abscission is triggered by encystment from neighboring somatic cells ( Figure 1D ; end of phase two). This program is specific to the stem cells, as the differentiating gonia exhibit none of these steps as they divide [16] . Furthermore, a defect at any step causes abscission failure. When this occurs, a GSC and its attached daughter continues to divide, generating strings of linked germ cells exhibiting confused identity at the niche, thereby compromising both self-renewal and differentiation [16] .
Here, we present evidence that misregulation of abscission contributes to early-onset aging in the testis, with the second step, dissolution of the ring, delayed in aging GSCs. We also implicate the JAK/STAT pathway in this novel aging phenotype.
RESULTS

Failure of Abscission with Age
We used time-lapse imaging to test for an effect of aging on the abscission program. We visualized F-actin and myosin II to follow GSC cytokinesis through abscission and release of the goniablast (Gb). We showed previously that the early steps of cytokinesis proceed normally [16] . After anaphase and furrow ingression, both contractile ring F-actin and central spindle microtubules disassemble as in other cell types ( Figure 1B ). However, at this point, a stem-cell-specific program is engaged by the formation of the secondary F-actin ring surrounding the myosin-labeled midbody at the intercellular (IC) bridge ( Figures  1C, 1E , and 1F). The secondary ring persists for a significant fraction of the cell cycle (phase one). Once this ring disassembles, GSCs progress toward abscission in phase two, as the IC bridge elongates and progressively thins, the midbody condenses and abscission occurs, releasing the Gb daughter from the niche. The separated GSC then enters mitosis again, re-establishing a secondary F-actin ring with its newly formed daughter cell ( Figure 1E ).
In testes from flies aged to 21 days, GSCs progressed correctly through the first stages of the modified cytokinesis program. Following nuclear division, the GSC-Gb pairs entered phase one with F-actin at the IC bridge. This ring was disassembled as pairs entered phase two ( Figure 1F ). Often these GSCs appeared to progress toward abscission, with the IC bridge elongating and the midbody condensing. However, unlike young GSCs, which always abscised, abscission failed in a significant fraction of 21-day GSC pairs, with the Gb daughter retained in the niche (26.5% of divisions; Figure 1G ). The GSC and its attached daughter synchronously entered a second round of mitosis, resulting in four cells with their GSC parent still attached to the hub (Figures 1F, S1A, and S1B).
The fraction of blocked abscissions rose as flies aged. Although GSCs in young adults exhibited no abscission defects, there was already a significant degree of abscission failure by 7 days (6.7%; p < 10 À4 ; Figure 1G ), which increased at 11 days (12%) and at 15 days and 21 days (29%). We could not quantify abscission failure in older flies due to severe involution and spontaneous contractions, which precluded live imaging.
GSCs in Aged Testes Retain Stem Cell Identity
Differentiating germ cells undergo incomplete cytokinesis, form stable IC bridges called ring canals, and maintain these connections throughout differentiation [7] . Consequently, we tested whether abscission failure in aged GSCs indicated a loss of stem cell identity and improper assumption of a differentiated state. Live imaging suggested that aged GSCs retained key stem cell characteristics. GSCs remained in a tight rosette surrounding the niche with adhesion to hub cells, as evidenced by F-actin enrichments at the GSC-hub interface ( Figures 1F, 2D , 2F, and 2G, yellow arrowheads). In addition, all GSC divisions in young and aged testes were oriented correctly ( Figures 1E  and 1F ). Finally, in aged testes, the stem cell marker STAT continued to accumulate only in GSCs around the hub, and the differentiation factor Bam accumulated only in germ cell cysts outside of the niche ( Figures S3 and 6 ). Taken together, this strongly argued that the aging stem cells were not simply engaging a differentiation program.
The secondary F-actin ring is a hallmark of the stem-cellspecific cytokinesis program-only GSCs form this structure. By contrast, differentiating gonial cells permanently block abscission by retaining contractile ring F-actin at stable ring canals [16] . Therefore, to test whether aged GSCs still executed the stem cell program, we performed time-lapse analysis at higher temporal resolution to discriminate contractile versus secondary F-actin.
In young GSCs, contractile ring F-actin was evident in telophase ( Figure 2A ). Consistently, F-actin was disassembled just as it would be in normal cytokinesis (Figure 2A ; n = 41/49). However, by 30 min following disassembly, a new round of actin polymerization occurred at the IC bridge, resulting in formation of the secondary ring ( Figure 2A ). In aged GSCs, a secondary ring indeed formed. At both 15 days and 21 days, contractile ring F-actin was disassembled after telophase (n = 28/33 15 days; n = 31/34 21 days) and then a secondary ring polymerized with the same timing as in young GSCs ( Figures 2B and 2C ). Thus, aged GSCs continue to execute the usual stem-cell-specific cytokinesis program.
We previously identified three regulatory steps in this cytokinesis program-a block, a reinitiation, and a trigger for abscission. We wished to determine which step was affected by age. We first tested whether somatic cells, which are necessary to trigger abscission, still encyst the germline in aged testes. In young testes, individual germ cells and germ cell cysts appear separated from each other by somatic cytoplasm from encysting CySCs and cyst cells [12, 17] . This is particularly evident around the niche, where each GSC surrounding the hub exhibited separation from adjacent GSCs ( Figure 2D ). When encystment was blocked experimentally, germ cells crowded around the hub, contacting each other because somatic cells were no longer interposed ( Figure 2E ). In aged testes, the arrangement of GSCs around the niche resembled that in young flies, with clear separation between germ cells, suggesting that encystment remained intact ( Figures 2F and 2G ). This was confirmed by inducing mosaic expression of membrane-bound GFP in somatic cells of young and aged testes. In young testes, somatic membranes consistently surrounded cysts with extension of their somatic cytoplasm around most or all of the germ cells ( Figure 2H ). As a control, we marked somatic cells defective for encystment due to expression of dominant-negative EGFR. The majority of these cells remained more rounded, failing to extend projections around adjacent germ cells, consistent with a loss of encystment ( Figure 2I ). By contrast, marked somatic cells from both 15 days and 21 days aged testes clearly extended membranes around the adjacent germline (Figures 2J and 2K). Thus, the abscission defect in aged GSCs did not result from loss of somatic encystment.
Persistence of the Secondary F-Actin Ring Causes Abscission Defects with Age
The secondary F-actin ring blocks progress into abscission, and GSCs that retain the ring for longer can fail to abscise [16] . Therefore, we quantified the length of phase one during aging. GSCs from young flies retained the secondary ring for an average of 7.1 hr, and GSCs from aged flies maintained the ring for significantly longer (8.8 hr at 15 days, p = 0.003 and 9.2 hr at 21 days, p = 0.004; Figure 3A ). Thus, young GSCs spent about 50% of the cell cycle with an F-actin ring blocking cytokinesis progress, and GSCs aged to 15 days or 21 days spent nearly 70% of their cycle in this phase ( Figure 3B ).
To directly test whether longer retention of secondary ring F-actin was the cause of failed abscission, we forced precocious disassembly of the ring in aged GSCs by expressing an activated form of the actin-severing protein cofilin [16] . Indeed, this treatment substantially reduced the lifetime of the secondary ring in 15-day testes to an average of 4.6 hr instead of 8.8 hr and to 37% of the cell cycle instead of 70% (Figures 3A and 3B; p < 10 À4 ). Strikingly, precocious disassembly of the ring also significantly rescued the abscission defect in aged GSCs (p = 0.002; Figure 3C ). Taken together, we conclude that disassembly of the secondary F-actin ring is delayed in aged GSCs.
This delay blocked cytokinesis for a longer period of the GSC cell cycle and ultimately caused abscission failure in aged testes.
Secondary Ring F-Actin Exhibits Normal Dynamics upon Aging
Changes to cytoskeletal dynamics have been indicated as contributing factors to age-related decline of tissues [4, 18] .
This suggested that the secondary ring might be retained longer in aged GSCs due to increased stability of F-actin at the IC bridge. However, fluorescence recovery after photobleaching (FRAP) analysis in young, 15-day, and 21-day testes showed that dynamics were unchanged with age. Both the rate and degree of recovery was similar in 15-day and 21-day secondary rings compared with young controls (rate young-15 days ; p = 0.003); 15-day GSCs with active cofilin: 4.6 hr (n = 25; p < 10 À4 compared with 15-day GSCs); and 21-day GSCs: 9.2 hr (n = 14; p = 0.004 compared with young GSCs). (B) Same data reported as percent of the cell cycle. **p = 0.005; ****p < 10 À4 . (C) Quantification of failed abscission. Activated cofilin at 15 days significantly reduced the number of failed GSC divisions (7/108 GSC divisions; p = 0.002 compared with 15 days). Y, 15 days and 21 days replotted from Figure 1G . (D and E) FRAP analysis: live images of ABD-moeGFP at the GSC secondary ring (D) and the ring canal of a 2-cell cyst (E). (F) Average rate and degree of recovery at secondary rings (young, n = 30 GSCs; 15 days, n = 23; 21 days, n = 12) and ring canals (young, n = 15 cysts; 15 days, n = 23; 21 days, n = 15). p = 0.24; rate young-21 days p = 0.72; ymax young-15 days p = 0.11; ymax young-21 days p = 0.19; Figures 3D-3F ). Thus, longer retention of the secondary F-actin ring in aged GSCs was not due to decreased F-actin dynamics at the IC bridge.
FRAP analysis did reveal distinct properties of F-actin, comparing the secondary ring of stem cells to that of ring canals in differentiating germ cells, with the latter exhibiting a significantly smaller fraction of mobile F-actin for all ages (for all p < 10 À4 ; Figure 3F ). This is consistent with the fact that the secondary ring is transient and further confirmed the idea that aged GSCs retain stem cell characteristics and do not simply adopt differentiating cell identity.
JAK/STAT Controls Secondary Ring Disassembly and Age-Induced Abscission Defects
Although reducing aurora B kinase activity can cause abscission failure [16] , experimentally increasing kinase activity did not suppress age-induced defects ( Figure S1C ). We next examined whether disruption of either of two niche signaling pathways cause the misregulation of GSC abscission with age. Although enhancing BMP pathway activation in aged GSCs did not rescue abscission ( Figure S1C ; nos > Tkv ACT ; p = 0.59 compared with 21 days), increasing JAK/STAT signaling significantly decreased the rate of abscission failure in aged testes ( Figures 4A-4F ). At 15 days, boosting expression of the activating ligand Upd resulted in a two-and-a-half-fold reduction in failed abscission (11.2% compared to 29.4%; p = 0.02; Figure S1D ) and almost completely rescued abscission at 21 days (4% failed at 21 days; p < 10 À4 ; Figures 4C and 4F ). Importantly, rescue correlated with significantly earlier disassembly of the secondary F-actin ring. Instead of lasting nearly 9 hr, phase one now averaged only 7 hr at both 15 days and 21 days ( Figures 4E and S1E) . Strikingly, the shortened phase one was no different than that observed in young, control testes (p = 0.903 at 15 days; p = 0.706 at 21 days). Furthermore, intrinsically activating STAT in GSCs significantly rescued abscission, with failure (E) Quantification of secondary ring timing. Increased Upd expression at 21 days significantly rescued retention in GSCs (7 hr compared with 9.2 hr at 21 days; p = 0.003; n = 13 GSCs). Expression of activated JAK (hop TUML ) in germ cells also significantly reduced secondary ring timing at 21 days (5.1 hr compared with 9.2 hr at 21 days; p < 10 À3 ; n = 10 GSCs). Y, 21-day data replotted from Figure 3A .
(F) Quantification of failed abscission. Increased Upd signaling or expression of hop TUML decreased failed abscission at 21 days (Upd: n = 6/60 GSC divisions; p < 10 À4 ; hop TUML : n = 4/98 divisions; p = 0.0035). Y, 21-day data replotted from Figure 1G . See also Figure S1 . reduced to only 15% at 15 days (p = 0.04) and 8% at 21 days (p = 0.004; Figures 4F, S1B, and S1D). Intrinsic STAT activation also shortened the lifetime of the secondary F-actin ring at both 15 days and 21 days (p = 0.0004 and p = 0.0001; Figures 4D, 4E , and S1E). Thus, all age-induced defects in the abscission program were rescued by increasing JAK/STAT activity in GSCs.
We next asked whether reducing STAT would increase secondary ring lifetime and potentially worsen the abscission phenotype. We expressed STAT92E RNAi in GSCs under conditions where testes retained a few GSCs attached to the hub and quantified defects at 15 days and 21 days ( Figures 5A, 5B , 5F, 5G, S1D, and S1E). Live imaging showed that the length of phase one was dramatically increased under these conditions, with GSCs at both 15 days and 21 days retaining the secondary F-actin ring for over 10.5 hr (compared with 8.8 hr at 15 days, p < 10 À4 and 9.2 hr at 21 days, p < 10 À4 ; Figures 5F and S1E ). Consequently, abscission was profoundly blocked. Compared with the 30% of GSCs exhibiting failed abscission at 15 days and 21 days, depletion of stat led to 93%-95% of aged GSCs failing to abscise (p < 10 À4 ; Figures 5H and S1D) . These results demonstrate a strong synergy between reduced STAT and the age-induced abscission defect.
Abscission Defects Emerge Precociously with Depletion of stat Interestingly, in young GSCs, expression of STAT RNAi resulted in a significantly increased length of phase one and increased abscission failure ( Figure 5C ). stat-depleted GSCs retained the secondary F-actin ring for a substantially longer period (10.5 hr compared with 7.1 hr in young controls; p < 10 À4 ; Figure 5F ), remaining in phase one for a significant portion of their cell cycle (89% versus 51% in young controls; Figure 5G ). This profound delay in the cytokinesis program led to a failure in abscission, with 97% of GSCs remaining attached to a single or string of daughter cells ( Figures 5C and 5H ).
Under these conditions, there was some loss of GSCs from the hub [8] . Therefore, we used milder stat depletion by examining flies heterozygous for stat to determine whether subtle changes to STAT function were sufficient to induce the age-related defects in abscission (Figures 5D, 5E, and 5H) . Strikingly, we observed highly penetrant abscission failure in young heterozygotes, with 30%-40% of GSCs remaining attached to daughter cells through their next mitosis (Figures 5D, 5E, and 5H) .
We also noted that young STAT heterozygotes tended to exhibit a longer phase one ( Figure 5F ). Although this change did not quite reach significance, the young heterozygotes also had a faster division rate ( Figure S2 ). This combination meant that young STAT heterozygotes spent a greater proportion of their cell cycle in phase one compared with controls (69% versus 51% in young controls; Figure 5G ). This suggests again that increasing the proportion of the cycle spent in phase one can cause abscission failure.
Importantly, the loss of a single copy of stat was sufficient to induce abscission defects in young GSCs that were indistinguishable from those observed in aged testes ( Figures 1G and  5H) . Taken together, our results strongly suggested that diminished STAT function caused early-onset, age-related declines in GSC behavior and that loss of a single copy of stat was sufficient to precociously age GSCs in terms of cytokinesis regula-tion, completion of abscission, and efficiency of daughter cell release from the niche.
Previous studies identified an age-induced decline in the STAT pathway [6, 13] , but the decrease in those reports was first scored at 30 days-significantly later than the GSC abscission defects reported here. We found that the total number of GSCs and STAT-positive GSCs remained relatively constant across the ages analyzed here (9.5-9.7 GSCs; 97%-100% STAT-positive; Figure S3A ). We also attempted to quantify pathway activation in GSCs in 15-day and 21-day testes using accumulation of STAT protein as a proxy. Surprisingly, STAT accumulation increased modestly compared with young testes ( Figures  S3B-S3F) . Thus, age-induced defects in GSC cytokinesis likely result from defects in STAT function downstream of pathway activation and STAT accumulation.
Age-Induced Defects in Differentiating Germ Cells Are Reversed by Rescuing Stem Cell Abscission
We next examined whether the abscission failure in stem cells caused defects in their differentiating progeny. A GSC daughter takes several days to progress to a 16-cell cyst [19] . Thus, we scored differentiating, Bam-positive (Bam+) cells at 20 days and 26 days, because these age cohorts would reflect the consequences of any failed abscission events at 15 days and 20 days, respectively. In young testes (5 days), Bam was detectable in cysts from the 4-cell to early 16-cell stage [20] , and these were located near the testis apex ( Figure S4A ). By contrast, in 20-day or 26-day testes, Bam+ cysts were more dispersed ( Figures S4B-S4D) , occasionally near the niche, though never attached to it ( Figure S4B, arrow) . In addition, there was a slight but significant decrease in the total number of differentiating germ cell cysts at both time points ( Figure 6A ), and this was not attributable to a deficit at any one stage (4-, 8-, or 16-cell; data not shown).
One additional hallmark of proper differentiation is cell cycle synchrony among the interconnected germ cells within a cyst [7] . Therefore, we labeled testes from young or aged flies with EdU and assayed S phase synchrony in Bam+ cysts. As expected, synchrony was apparent at 5 days, as judged by relatively homogeneous EdU incorporation, with only 2% of Bam+ cysts exhibiting any asynchrony ( Figures 6B and 6C) . By contrast, between 11% and 21% of Bam+ cysts were asynchronous at 20 days and 26 days (p < 10 À4 at 20 days and p = 0.001 at 26 days; Figures 6B, 6D, and 6F) . Cells of the same cyst sometimes exhibited significant heterogeneity, as a germ cell with a fully labeled nucleus was in the same cyst as a germ cell completely lacking EdU incorporation ( Figure 6D ). Asynchrony was observed in 4-, 8-, and 16-cell cysts, indicating that the defect emerged in early-stage germ cells and was maintained through gonial differentiation. These data suggest that failed abscission in stem cells decreased the overall numbers of differentiating germ cell cysts and disrupted the synchrony of germ cells within them.
To test whether the defect in stem cell abscission caused the defects in germ cell differentiation, we rescued abscission in aged GSCs by experimentally reducing the lifetime of the secondary F-actin ring. Indeed, expressing activated cofilin rescued GSC abscission in aged testes ( Figure 3A ) and markedly rescued all defects in differentiating germ cells. Not only were the number of Bam+ cysts rescued ( Figure 6A ; p = 0.01), but cell cycle synchrony was also restored, with only 7% of cysts at 20 days lacking synchrony when GSC abscission was rescued ( Figures 6B and 6E ; p = 0.006 20 days versus 20-day nos-cofilin ACT ). Taken together, these results suggest that failure of GSC abscission is the proximate cause of early-onset (F) Quantification of secondary ring timing. stat depletion at 21 days increased retention compared to wild-type 21 days (10.6 hr compared with 9.2 hr for 21 days; p < 10 À4 ; n = 17 GSCs). Young GSCs expressing Stat RNAi retained the ring significantly longer (10.5 hr; n = 10 GSCs; p < 10 À4 compared with young GSCs). Young GSCs heterozygous for stat also trended toward longer retention of the secondary ring (8.5 hr, n = 11 GSCs stat 85c9 /+; p = 0.08 compared with young; p = 0.6 and p = 0.32 compared with 15 days and 21 days; 8.5 hr, n = 21 GSCs Df(3R)BSC158; p = 0.08 compared with young; p = 0.57 and p = 0.17 compared with 15 days and 21 days). Y, 21 days replotted from Figure 1I defects in differentiation and that restoring abscission in the stem cell population is sufficient to substantially reverse these age-induced defects in the tissue.
DISCUSSION
We identified a novel regulatory circuit controlling abscission in stem cells, which we now show is affected by aging. Of the three steps that comprise this program, it is disassembly of the F-actin ring that is disrupted with age. Normally, the timely execution of that step is essential to re-engage the abscission process, and we find that signaling from the niche controls that timing. Activation of the STAT pathway appears to be compromised with age, and age-induced abscission failure can be rescued by increasing pathway activity. Most strikingly, mild depletion of STAT in young GSCs delays ring disassembly and induces abscission defects indistinguishable from those in aged testes. This work identifies a novel component of early-onset aging in testis stem cells and reveals an unappreciated requirement for Jak/STAT pathway function in the niche.
Abscission Failure and Age-Related Decline in Stem Cell Behavior
The majority of age-related defects characterized to date in testis stem cells are not observed until after macroscopic defects become evident in the tissue [1, 6, 13] . One error that can occur early is centrosome mis-positioning, which triggers a checkpoint blocking mitosis until centrosomes are properly localized and leads to slightly reduced mitotic index [15] . How- Figure 6 . Age-Induced Defects in Differentiating Germ Cells Due to Abscission Failure (A) Quantification of Bam+ cysts at 5 days (n = 47 testes), 20 days (n = 71), 20-day nos-cofilin ACT (n = 31), and 26 days (n = 47). p = 0.006 comparing 5 days to 20 days; p = 0.02 5 days to 26 days; p = 0.01 5 days to 20-day nos-cofilin ACT ; p < 10 À4 20 days to 20-day nos-cofilin ACT ; p = 0.82 (NS) 20 days to 26 days. (B) Quantification of S phase asynchrony among interconnected, Bam+ cysts for 5 days (n = 46 testes), 20 days (n = 73), 20-day nos-cofilin ACT (n = 36), and 26 days (n = 40). p < 10 À4 comparing 5 days to 20 days; p = 0.001 5 days to 26 days; p = 0.006 5 days to 20-day nos-cofilin ACT ; p = 0.0007 20 days to 20-day nos-cofilin ACT . (C-F) Images and corresponding diagrams for 5 days (C), 20 days (D), 20-day nos-cofilin ACT (E), and 26 days (F) representative testes, with each image projecting 2-4 Z planes. Scale bar is 10 mm. See also Figure S4 . ever, this mis-positioning occurs in less than 30% of GSCs, and once it is corrected, the checkpoint is relieved and GSCs rapidly resume division. Therefore, the contribution of this effect on germ cell numbers and testis involution is likely modest.
By contrast, failed abscission had profound consequences on stem cell output. We observe defects as early as 7 days, and when abscission is blocked, the daughter cell is not released efficiently, leading to a depletion of differentiating germ cells beginning at 15-20 days ( Figure 6 ). Even if interconnected cells are released after failed abscission, they frequently display defects in cell cycle synchrony. Because restoring stem cell abscission rescued the number of differentiating cells and their synchrony, failed abscission is likely the primarily cause for early-onset aging defects in the testis.
Defective remodeling of the IC bridge may cause asynchronous cycling of cysts following failed stem cell abscission. We found that dynamics differ, comparing F-actin at secondary rings to ring canals. Additionally, we showed that abscission failure in GSCs leads to mixed stem-differentiated cell identity [16] . Thus, asynchronous cycling could be a lingering result of that early mis-programming of cell fate. It is known that disruption of Src64 causes misregulation of F-actin at ring canals, leading to an asynchronous cyst phenotype similar to what we observe in aged testes [21] . Perhaps abscission failure in the stem cells disrupts recruitment of ring canal factors to the IC bridges of released, differentiating germ cells, thereby altering ring canal stabilization and inducing an asynchronous cyst phenotype.
Jak/STAT Activity Temporally Controls the Secondary F-Actin Ring and Abscission
Signals from the niche cells are increasingly being implicated in aging-related stem cell defects, including altered proliferation, changes in cytoskeletal regulation, and improper balance between differentiation and self-renewal. In Drosophila, Jak/ STAT signaling controls most, if not all, of these stem cell behaviors in young testes [22] , and diminished production of activating ligand from the niche is the cause of many agingrelated defects [6, 13] . We now add cytoskeletal regulation during cytokinesis to the list of stem cell behaviors regulated by the niche.
Aged GSCs significantly delay disassembly of the secondary F-actin ring, blocking cytokinesis for much of the cell cycle and leading to failed abscission. Increasing Jak/STAT signaling in aged testes rescued all cytokinesis defects in GSCs by promoting earlier depolymerization of the ring. Reciprocally, STAT depletion exacerbated the age-related defects, and heterozygosity for stat effectively aged young GSCs by imposing a substantial delay in secondary ring dissolution and blocking abscission. The apparent increase in STAT accumulation in aged GSCs was puzzling and suggests that its regulation of the secondary ring could be complex. Indeed, non-canonical roles have been described for STAT, including binding heterochromatin and isoforms that negatively regulate gene expression [23] [24] [25] [26] [27] .
A simple model is that pathway activity leads to the accumulation of an F-actin destabilizing protein. The time required to reach a threshold sufficient for dissolution of the ring would account for the normally extended block to abscission in young testes ( Figures 7A and 7B ). Diminished STAT activity in aged testes ( Figures  7C-7E ) or heterozygosity for stat ( Figures  7F and 7G ) would delay accumulation, prolong the block, and cause abscission failure. Future work should test potential connections between STAT, cofilin, and the actin regulator MICAL. Our previous work implicated cofilin in timing secondary F-actin ring dissolution [16] , and increased cofilin activity significantly suppressed the ageinduced abscission defect. Analysis of MICAL in other tissues is suggestive-it acts with cofilin, plays a role in age-related defects, and has been implicated in control of cytokinesis [18, 27, 28] .
By live imaging stem cell dynamics, we have uncovered earlyonset defects associated with age that include altered temporal control of abscission and increased cycling rates. It is compelling to speculate that, as the resolution increases in imaging stem cell dynamics in other systems, similar early-onset age-induced disruptions will be identified.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Kari F. Lenhart (kfl36@drexel.edu) .
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Drosophila melanogaster stocks were maintained on BDSC standard cornmeal medium in vials or bottles at 25 unless otherwise indicated. Aging experiments were conducted according to [6] . Newly eclosed males were placed in vials (< $30 flies), with fresh yeast paste and transferred to new vials every 3-4 days. Fly stocks included: Traffic Jam Gal4 (Kyoto Stock Center) to drive transgene expression in somatic cells of the testis, nos Gal4-VP16 (Ruth Lehmann, NYU School of Medicine, USA and Erica Selva, University of Delaware, USA) to drive expression in early-stage germ cells of the testis, ABD-moeGFP under the control of the nanos regulatory region [29] to visualize F-actin in germ cells in live imaging, For experiments analyzing encystment, GFP-labeled clones were generated in young and aged testes in the following genotypes: yw hspFlp; Tj Gal4; UAS > CD2 > CD8::GFP or yw hspFlp; Tj Gal4/UAS-egfr DN ; UAS-FRT-STOP-FRT-CD8::GFP. For aging experiments, flies were heat shocked at 38 C two times for 30 minutes on day one, day 16 or day 22. Flies were then maintained at 25 C for an additional four days prior to dissection and immunostaining. For experiments disrupting encystment, newly eclosed males were heat shocked twice for 30 minutes each at 38 C and then kept at 29 C for 6 days.
METHOD DETAILS
Immunostaining and STAT analysis Immunostaining was performed according to previously published protocols [33] . In brief, flies were dissected in Ringers solution and fixed for 20 minutes in 4% formaldehyde followed by multiple washes and blocking in normal donkey serum. Testes were incubated in primary antibodies overnight at 4 . Samples were then washed multiple times followed by incubation in appropriate secondary antibodies for 1 hour at room temperature. After additional washes, testes were stained with Hoescht and then equilibrated in a solution of 50% glycerol. Samples were mounted on slides in 80% glycerol. Antibodies used: goat anti-vasa (Santa Cruz, 1:250), guinea pig anti-traffic jam (Dorothea Godt, 1:10,000), chick anti-GFP (1:1,000, Aves labs), rabbit anti-Stat92E (Erika Bach), mouse anti-hts (1B1) (Developmental Studies Hybridoma Bank (DSHB) 1:50). All antibodies have been previously verified by the Drosophila community.
For analysis of STAT fluorescence intensity, images were analyzed in ImageJ. The same region of interest (ROI) was used for all cells analyzed. For each testis, an ROI was set in a single Z plane in the center of each GSC while viewing the nanos-ABD-moeGFP channel. Pixel intensity measurements were then obtained for each of those GSCs in both the Vasa and STAT channels. To normalize for the fact that antibody penetration was significantly reduced in aged testes, we report intensities as a ratio of STAT/Vasa for each cell. A minimum of 15 testes and 95 GSCs were analyzed for each genotype.
Time lapse imaging
Extended time-lapse imaging was performed as previously described [16] . Briefly, testes were dissected in Ringers solution and transferred to the coverslip bottom of an imaging dish (Matek). After removing the Ringers, testes were covered in imaging media (15% FBS, 0.5X penicillin/streptomycin, 0.2 mg/mL insulin in Schneider's insect media). Testes were imaged for up to 20hrs on either a Leica DM16000 B inverted spinning disk confocal using a 63x/1.2 NA lens or an Olympus IX71 inverted spinning disk confocal using a 60X/1.2 NA lens, and one micron step size (38-43micron stacks). Unless otherwise indicated, images were acquired every 30 minutes. The full 4D dataset was used for analysis. Projections of 3-5 Z planes were used for figure panels. Any samples appearing physically damaged were removed from the dish prior to imaging. Experiments were repeated on at least three separate days and a minimum of 10 testes were analyzed for each genotype. Current Biology 29, 256-267.e1-e3, January 21, 2019 e2
Analysis of abscission and cytokinesis timing
Failed abscission was defined as a GSC that entered mitosis while still connected to its daughter cell, whereas successful abscission was defined as a separated GSC entering its next mitosis. We then report rate of failed abscissions as the number of GSC divisions with failed abscission / total number of GSC divisions. For abscission timing experiments, data was acquired from time lapses in which single GSCs could be followed through two rounds of mitosis to ensure a defined time point for the beginning and end of each cytokinesis phase. For young testes and rescue experiments the timings reported for secondary ring retention (Phase One) and percent of cell cycle spent with a secondary F-actin ring (in Phase One) are for GSCs that successfully completed abscission. For aged testes and experiments with STAT depletion, these timings are reported for GSCs in which abscission failed. The Cell Counter plugin for ImageJ was used to manually record all aspects of GSC behavior during time lapses.
Analysis of Bam-positive cysts
Expression of GFP under the Bam promoter was used to identify differentiating germ cell cysts in young (5D) and aged (20D and 26D) testes. S-phase synchrony was analyzed after exposing testes to a 30 minute EdU pulse prior to fixation (Click-iT, ThermoFisher C10340). The number of 4-8-and 16-cell Bam-positive cysts in each testis was recorded with Cell Counter, using immunostaining for GFP and Vasa to identify Bam-positive cells and all germ cells, respectively. A minimum of 30 testes were analyzed for each age and genotype. To ensure reproducibility in our results and analyses, statistical comparisons were made between data collected and analyzed in separate imaging sessions. No comparisons between samples of the same age and/or genotype were found to be statistically significant.
FRAP analysis
Testes expressing nanos-ABD-moeGFP were imaged on an Olympus IX81 inverted spinning disk microscope with an Andor iXon3 EMCCD camera. FRAP was performed using Roper iLAS2 ablation laser and MetaMorph acquisition software. Testes were imaged for 1 s prior to bleach and for 20 s post-bleach with images acquired every 75ms. Quantification of fluorescence intensities during recovery at secondary rings and ring canals was performed using the time series analyzer plugin in ImageJ after specifying the actin ring as the ROI. Values were corrected for background and bleaching due to image acquisition. Experiments were repeated a minimum of 4 separate times for each age and a minimum of 14 GSCs in at least 10 separate testes were analyzed.
QUANTIFICATION AND STATISTICAL ANALYSIS
Since samples were generally not limiting for most analyses, pre-experiment sample size estimation was not performed. Samples were not coded prior to analysis. No experimental runs were deleted arbitrarily from consideration. All graphical representations of data and statistical analyses were performed using Graphpad Prism (non-parametric Mann-Whitney U test). Error bars represent standard deviation. n and p values are indicated in figure legends.
